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ABSTRACT 

Investigation of Nonequilibrium Flow Effec ts  i n  

High Expansion Ratio Nozzles 

Computer Program i%nual 

T. F. Zupnik, E .  N .  Nilson, and  V .  J. S a r l i  

314x5 
A machine computational program developed by the  United Aircraf t  Corpora- 

t i o n  t o  t r e a t  t he  one-dimensional flow of reacting gas mixtures i n  var iable  
a rea  passages has been modified as part of NASA Contract NAS3-2572 t o  f a c i l i t a t e  
general  use of the  program on the  NASA L e w i s  Research Center IBM 7094 Computer. 
This mchine computational program numerically in tegra tes  t he  system of reaction- 
kinel;i.c, gas-dynamic and s t a t e  equations t o  ca lcu la te  compositions and thermody- 
namic properties i n  both subsonic and supersonic flow passages. 

This repor t  describes the  equations and numerical techniques employed and 
presents flow charts  and spec i f ic  instruct ions fo r  input formats and operation 
of t h e  mchine program. 

Also included is a discussion of possible operat ional  problems which might 
arise p r io r  t o  complete famil iar izat ion with the  program together  with appro- 
p r i a t e  means f o r  solving these problems and avoiding t h e i r  recurrence. 
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- This work w a s  performed by United A i r c r a f t  Corporation Research Laboratories 
f o r  the National Aeronautics and Space Administration under Task V of Contract 
NAS3-2572 i n i t i a t e d  September 4, 1963, This task involved conversion and modi- 
f i c a t i o n  of a computer program or ig ina l ly  developed by the  UAC f o r  t r e a t i n g  one- 
dimensional gas dynamic flaws with f i n i t e  reaction k ine t ics  i n  order t o  provide 
t h e  NASA with a copy of t he  computer deck sui table  f o r  general use on t h e  IBM 7094 
machine. 

Included among those who cooperated i n  performance of t he  work under Contract 
NAS3-2572 were Dr. V. J. S a r l i ,  Program Wager; M r .  A. W. Blackman, Chief, Rocket 
and Air-Breathing Propulsion Section; and Dr. W. G. Burwell, Supervisor, Kinetics 
and Heat Transfer Group of t he  UACRL and D r .  E. N. Nilson, Chief, S c i e n t i f i c  S t a f f  
and M r .  T. F. Zupnik, S c i e n t i f i c  Staff  of P ra t t  & Whitney Aircraf t  Division of UAC. 

This work w a s  conducted under t h e  program management of M r .  H. Burlage, Jr., 
Chief, Liquid Propulsion Systems, NASA Headquarters, Washington, D. C. and the 
Project m g e r  w a s  M r .  P. N. Herr, NASA Lewis Research Center, Cleveland, Ohio. 

This document i s  unclassif ied i n  i ts  en t i re ty .  
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INVESTIGATION OF NONEQUILIBRIUM FLW EFFECTS IN 
RIGH MPANSION RATIO NMZI;ES 

Computer Program Manual 

T .  F. Zupnik, E. N. Nilson and V. J. S a r l i  

United Aircraf t  Corporation 

SUMMARY 

A description i s  contained herein of a machine computational program developed 
t o  calculate  t h e  nonequilibrium f l o w  properties of chemically react ing gas mixtures 
i n  one-dimensional flow fields. This program i s  applicable i n  subsonic, transonic, 
and supersonic flow regimes such as a re  found i n  the  combustion chamber and ex- 
pansion nozzle of a l i q u i d  rocket o r  ramjet engine. The calculations performed 
using t h i s  program may be i n i t i a t e d  d i r ec t ly  from a state of thermodynamic equilib- 
r ium. 
accuracy as near-equilibrium conditions a re  approached. 

Also, t h e  chemical k i n e t i c  relationships can be treated without l o s s  of 

Extensive flow charts,  input and output formats and general ins t ruc t ions  for 
the  use of t h e  program are included i n  t h i s  manual. 
i l l u s t r a t e d  f o r  a typ ica l  calculation using t h e  chemical k i n e t i c  scheme pert inent  
t o  the  hydrogen-oxygen propellant combination. 

The input ins t ruc t ions  a r e  

INTRODUCTION 

The design of rocket exhaust nozzles t o  provide maximum expansion eff ic iency - requires accurate methods f o r  evaluating nonequilibrium flow processes and t h e  

- which are of significance (depending on the propellant combination and operating 
- conditions ) include chemical recombination lags, thermodynamic relaxat ion lags,  
- condensation lags and ve loc i ty  and thermal lags associated with two phase flow. 

e f f e c t s  of nozzle contour and s i z e  on such processes. The nonequilibrium processes 

United Aircraf t  Research Laboratories has been selected under Contract (NASW-366 
and NAS3-2572) t o  invest igate  t h e  nonequilibrium f l o w  processes i n  high expansion 
r a t i o  nozzles and t o  develop improved techniques for predict ing t h e  performance of 
rockets u t i l i z i n g  high energy propellants. The nonequilibrium processes were in-  
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ves t iga ted  f o r  a va r i e ty  Of propellant conbinations and it w a s  confirmed (Ref. 1) 
t ha t  nonequilibrium chemistry would be a signif icant  f a c t o r  i n  l imi t ing  the  theo- 
r e t i c a l  performance of all the  propellants considered at typ ica l  rocket conditions. - 

- 
. these contracts  t o  treat nonequilibrium f l o w s  of react ing gas mixtures i n  both 

The one- 

Three machine computational programs have been developed i n  connection with 

one-dimensional and two-dimensional or  axisymmetric exhaust nozzles. 
dimensional f l o w  computer program is  described i n  d e t a i l  i n  t h i s  report  and both 
the  one-dimensional and two-dimensional or axisymmetric f l o w  programs are described 
general ly  i n  R e f .  1. 
axisymmetric flows with f i n i t e  chemical k ine t ics  consist  of a "performance deck" 
which can be used t o  evaluate the performance of a prescribed nozzle contour, and 
a "design deck" which can be used i n  the  determination of an optimum nozzle contour. 
The s tudies  reported under Contract NASW-366 demonstrate t h a t  t he  one-dimensional 
and two-dimensional machine computation programs for reac t ive  gas flows can predict  
experimental measurements of nozzle f l o w  properties when t h e  k ine t i c s  of the reac- 
t i o n s  occurring i n  the  system are known. 

The machine programs f o r  constructing two-dimensional or 

Contract NAS3-2572 i s  current ly  i n  progress and involves the  appl icat ion of 
t h e  machine computation programs t o  invest igate  selected problems associated with 
chemic& nonequilibrium nozzle flows. These problems include s e n s i t i v i t y  of per- 
formance t o  reac t ion  ra tes ,  nozzle geometry and nozzle scale.  While these s tud ies  
have not been completed, preliminary resu l t s  have been reported i n  Refs. 2, 3, and 
4 and t h e  f i n a l  r e s u l t s  of these s tudies  w i l l  be reported i n  a Final  Report l a te  
i n  1964. 

Modification of t h e  one-dimensional f i n i t e -k ine t i c s  machine program t o  f a c i l -  

Wide i n t e r e s t  i n  t h i s  program and increased demand f o r  t h e  
i t a te  i t s  use on t h e  NASA Lewis Research Center IBM 7094 Computer w a s  a requirement 
of Contract NAS3-2572. 
needs of nozzle reactive-flow performance calculations has warranted t h e  publication 
of a separate  report  describing t h i s  machine program. The objective of t h e  materid 
presented herein i s  t o  f u l f i l l  t h i s  need. The subsequent pages of t h i s  report  
present the  equations and derivation of the equations f o r  one-dimensional reac t ive  
gas f l o w  systems i n  forms su i tab le  f o r  numerical computations. A s e t  of equations 

- transformed t o  f a c i l i t a t e  calculat ions f o r  near-equilibrium flow and i n  the  t ran-  
sonic region of convergent-divergent nozzles i s  a l s o  included. 

- descr ipt ion of t he  numerical techniques and t h e  in tegra t ion  rout ines  i s  presented 
- along with a discussion of round-off-error control. 

In  addition, a 

Extensive flow charts  are included which should permit a computer s p e c i a l i s t  
t o  a l t e r  the  machine program and t a i l o r  the numerical techniques f o r  special ized 
systems i f  such a l t e r a t ions  a re  desirable,  

2 
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Information such as input and output formats, instruct ions f o r  performance 
calculat ions invc<lving various combustion chamber and nozzle combinations, and 

-p re se l ec t ed  nozzle throa t  contours are included. A sample calculat ion i s  presented 
- f o r  t h e  recombination of t he  combustion products of H2-02 i n  a convergent-divergent 

nozzle involving a multireaction s,stem. - 
This program has been developed f o r  and checked out on the standard IBM 7094 

computer; however, due t o  possible variations among d i f fe ren t  monitoring systems 
employed a t  t h e  various 7094 i n s t a l l a t i o n s ,  a zero divide card o r  other minor 
modifications may be required i n  order t o  achieve s a t i s f a c t o r y  operation. 
t h i s  reason NASA and UAC cannot guarantee successful program execution during 
t h e  i n i t i a l  run. For t h e  above mentioned reasons ne i ther  of t he  previously men- 
t ioned organizations s h a l l  be contacted concerning operational d i f f i c u l t i e s  u n t i l  
a l l  possible in-house computer and programming capabi l i t i es  have been exhausted. 
In  the  event a major problem s t i l l  remains unresolved, t he  NASA-Lewis Research 
Center should be consulted. 

For 

The one-dimensional nonequilibrium-flow k h e t i c  program may be obtained by 
contacting IBM Program Distribution Center, P. 0. Box 790, White Plains,  New York 
(10601). 

3 



DESCRIPTION OF ANALYSIS 

Modes of Operation 

The machine procedure developed f o r  analysis of one-dimensional chemically- 
react ing flows numerically integrates  t h e  system of reaction k ine t ic ,  gas dynamic 
and s t a t e  equations t o  calculate  bulk thermodynamic propert ies  and chemicd com- 
posi t ion i n  both subsonic and supersonic flow passages of varying cross-sectional 
-ea. 
i n  e i t h e r  of two modes; (1) combustion chamber, o r  (2) nozzle. 
and numerical. techniques a re  bas ica l ly  t h e  same i n  both modes but there  a re  dif- 
ferences i n  the  controls and input information necessary f o r  each mode. 

There is a considerable amount of f l e x i b i l i t y  i n  the deck which may operate 
The equation system 

Combust i on Chamber 

I n  a combustion chamber it i s  assumed t h a t  t he  oxidant and f u e l  are individ- 
ua l ly  i n  equilibrium and a re  then instantaneously mixed at an a r b i t r a r i l y  se lec ted  
temperature. The resu l t ing  mixture i s  homogeneous but not i n  chemical equilibrium. 
The numerical integrat ion proceeds from t h i s  point of mixing. The combustion cham- 
ber  contour can be of the general form A = ax + b where A is t h e  cross sect ion area 
at any axial locat ion x, b is  the i n i t i a l  area and a is  the  slope. The f l o w  i n  the  
chamber may be e i t h e r  subsonic or supersonic. S t a r t i ng  from given conditions of 
t e q e r a t u r e ,  pressure, veloci ty  and composition, the  numerical integrat ion continues 
u n t i l  m e  of three c r i t e r i a  i s  met. I n  subsonic conbustion i f  the length of the 
chamber exceeds the maximum desired length or the  temperature gradient falls below 
a prescribed tolerance,  the calculation w i l l  stop, while i n  supersonic flow i n  addi- 
t i a n  t o  these, the calculation wlll be terminated when t h e  difference between the  
k c h  number and uni ty  is  l e s s  than a prescribed amount. 

A nozzle contour may be prescribed by my area d is t r ibu t ion  which is  input i n  
tabular  form and subsequently spl ine-f i t ted.  The s t a r t i n g  point of the calculat ion 

posi t ion a re  known. 
- may be anywhere i n  the nozzle where the  temperature, pressure, ve loc i ty  and com- 

The numerical integrat ion proceeds using the  given area dis -  
- tr-lbution u n t i l  the  transonic region, descri3ed below, i s  reached o r  u n t i l  e i t h e r  
- a  preselected Mach numSer o r  nozzle length is  exceeded, 

Equation System 

Assumptions 

The basic  assumptions i n  the formulation of the physical model of the  f l o w  

4 



' of a react ing gas mixture i n  a one-dimensional passage are: 

a. The mixture is  one of thermally perfect gases. 

b. 

c. Transport properties can be neglected. 

The flaw is  invisc id  throughout. 

d. The in te rna l  energies axe those pertaining t o  thermal equilibrium. 

e. The l a w  of mass action appl ies  throughout. 

The Gas Dynamic Equations 

Total mass conservation: 

pVA = A  

Total energy conservation: 

where 

and where 

Momentum conservation: 

' 9 '  vv t - P  = o  P 

* Unless otherwise noted, a l l  summations are from i = 1, ..., n. 
Prime values a re  derivatives with respect t o  X unless otherwise noted. 
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Equation of s t a t e  : 

Speed of sound: 

where Y i s  defined as: 

P = P R T k  

Mach number: 

M = r  v 

The above equations a re  operated upon and rearranged t o  provide the  final 
s e t  of equations which a re  numerically integrated i n  the  machine program. 

Different ia t ing Eq. (4) and eliminating PI from Eq. ( 3 )  

Different ia t ing Eq. (2) and from Eqs. (3) and (4) 

gJ[Zh iq  t T'ZCPi q] t VV'  = 0 

Combining Eqs.  (6) and (7) and sclving for 

(4 
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PI 
Different ia t ing Eq. (1) and eliminating -from Eq. (9) and combining with Eq. 
(8) t o  eliminate V' , P 

combining Eqs. (lo), ( 6 ) ,  (2) and (5a) 

The Reaction Kinetics Equations 

1 Let nr designate the  t o t a l  number of chemical react ions of t he  form: 

I ' I 
where : Q..  a. .  are  the  stoichiometric coeff ic ients  of the  i t h  species 

i n  the j t h  reaction ( j  = 1, 2, ..., nr ), reactants  and 
prcduct s , respectively. 

IJ ' IJ 

K f j ,  Kbj are  the  spec i f ic  reaction rates of the  forward and 
backward chemical changes i n  the  j t h  reaction of the 
chemical system. 

The rates of change of the  concentrations of the  species are  determined 
- b y  the r e l a t ion  

7 
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where n designates the  t o t a l  number of chemical species such as M i  of which na 
a re  the atomic species and n-ng a re  the number of molecular species, %. 

O f  t he  nr chemical reactions, t he  first n, are required t o  be independent 
(see sample input i n  a subsequent section of t h i s  manual), i.e., the  matrix 

t / I  I // / 
Qna +i,2-Qnq+i,2 , . . . , %,2- %,e 

is  nonsingular. The remaining sets of stoichiometric coeff ic ient  differences 
may be expressed as l i n e a r  ccmbinations of these sets. The atomic species con- 
t i n u i t y  equations a re  given by: 

where Plj 
The molecular species ccnt inui ty  equaticns are thus given by: 

i s  the numbzr of the i t h  atomic species in  the j t h  molecular species. 

n 

k= I 
( P c k y i J - K b J n  ( p o k )  

/ 

P "Ci 

i = no+ I, na+2, , , . , n 

Equaticns (l), ( 2 ) ,  (4), (ll), (15) and (16) along with an area  function can 
be integrated t o  specify completely the flow. There a re ,  however, cer ta in  numer- 
i c a l  d i f f i c u l t i e s  associated with the integration of t h i s  system which are dis- 
cussed below. 

Numerical Techniques 

Modified Equation System 

Two major d i f f i c u l t i e s  ex i s t  i n  integrat ing the  above system of equations 
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through a convergent-divergent nozzle t h a t  is flowing choked. 
(a) the  necess i ty  of in tegra t ing  the  equation through the  sonic locat ion,  and (b)  
t he  s ign i f i can t  f igure  loss when the  f l o w  is near equilibrium. 

These a r i s e  from 
- 

- 
- The first d i f f i c u l t y  r e s u l t s  from a s ingular i ty  i n  the  flow equation which 

cccurs at M = 1 (see Eq. (11)). In  order f o r  the temperature gradient t o  remain 
negative throughout the  nozzle, the numeratcr of the  r igh t  hand s ide  of Eq. (11) 
must pass through zero at the same t h e  as the  denominator does (at the sonic 
poin t ) .  I n  general  t he  locat ion of the  sonic point cannot be determined "a 
pr ior i" ,  and if  the  calculat ion i s  allowed t o  proceed at w i l l ,  e i t h e r  t he  nozzle 
w i l l  not choke cr w i l l  not be able t o  contain the  flow. I n  x d e r  t o  handle t h i s  
prcblem d i r e c t l y  on the  machine, a second s e t  of equations is  used i n  the t ransonic  
region. Equation (2) can be wr i t ten  

Dif fe ren t ia t ing  t h i s ,  and using (2a) and (2b), gives 

By specifying the  Mach nuniber d i s t r ibu t ion  thrcugh the  t ransonic  regicn and using 
Eqs. (l), ( 2 ) ,  (4), (IS), (16) and (18) the s ingu la r i ty  prcblem i s  averted and 
a method f o r  multi-t.hraet design i s  incc rpxa ted  i n t o  t h s  procedure. 

The secc'nd d i f f i c u l t y  which r e l a t e s  t o  the  loss of s ign i f i can t  f i gu res  i n  
the  numerical integraticm i s  given i n  Eq. (16). 
p o s s i b i l i t y  cf accumulating aericus e r r c r  i n  &Ll f l o w  propert ies  when any reac- 

This equation introduces the  

. t i o n  is  near ly  i n  equiliSrium. I n  par t icu lar ,  the  f a c t o r  

w i l l  invclve the difference of two quant i t ies  of la rge  s i z e  whose difference i s  
very small. 
t i a t i o n  of t he  in tegra t ion  at  equilibrium if desired, t he  var iab les  A ,  

Tc avoid t h i s  loss i n  s ign i f icant  f i gu res  and t o  permit t h e  i n i -  
a r e  

9 



introduced, where - 

J = l , 2 ,  ... nr  

K - rj 
KBj 

is  the equilibrium constant f o r  t he  j t h  reaction. 
A, , associated w i t h  the reactions are now introduced as dependent variables re-  

The quant i t ies  and Kcj 

placing t h e  quant i t ies  cj , associated wi th  molecular species. 

The d i f f e ren t i a l  equations (Eq. (16)) f o r  the molecular species continuity 
are replaced by 

J = 1,2, ... , flm 
/ 

where 0 i s  determined from 

i = n q + l l .  . .,n 

and 

n 

The d i f f e ren t i a l  equation system i s  now composed of Eqs. (9), (ll), (20) and 
- (22) when the area functicn i s  controll ing and Eq. (18) replaces Eq. (11) i n  the  

transonic region when the Mach number is controlling. 

Integration Routine 

fn t h i s  sect icn and those which follow, the  procedures employed i n  the 
simultaneous numerical solution of the  gas dynamic and reaction k ine t i c  equations 
a r e  outlined. Flow charts  indicating the detai led s teps  employed i n  the main 

10 



computer program and the various subroutines are t o  be found i n  the Appendix. 

Appendix. 
o r  i n  m b l e  I1 "Output Format". 

- A b r i e f  statement of the function of each subroutine i s  a l s o  included i n  the 
All pertinent language symbols are defined i n  Table I "Input Format" 

- 
The equation system outlined i n  the  previous sect ion is  integrated using 

Hamming' 8 modification of Milne's Predictor-Corrector procedure (Ref. 5). 
procedure i s  a multistep method which adjusts the integrat ion s t ep  length t o  
conform t o  the  desired l e v e l  of accuracy i n  t he  numerical solution. 
was chosen because of i t s  excellent s t a b i l i t y  and r e l a t ive  s t a b i l i t y  characteris-  
t i c s .  

This 

The procedure 

The algorithm i s  as follows f o r  the matrix d i f f e r e n t i a l  equation 

Predict  cr 

Modifier 

Corrector 

Final  Value 

11 



This procedure requires i n i t i a l l y  four consecutive points on the  solution cupve 
. t o  start. 

Method. 
The s t a r t i n g  integrat ion i s  performed by the Runge-Kutta Fourth O r d e r  

- The integrat ion s tep s i ze  (AX) is controlled by two input tolerances 
. (To1 1, To1 2) i n  the following manner: 

I n  order t c  double the s tep s i ze  it i s  necessary t o  have f'unction values at 
seven back steps; therefore the doubling procedure can only occur every t h i r d  
step. 
between two of the s tored quantit ies.  

In  order t o  halve the s tep  s ize ,  it is  necessary t o  obtain function values 
These are obtained f r m t h e  following 

, interpolat ion formulae: 

The derivatives at the  interpolated positions a r e  obtained from the  d i f f e r e n t i a l  
equation system. 

12 



If after t h e  s t e p  s i z e  i s  halved the  resul t ing e r ro r  s t i l l  exceeds the  t o l e r -  
ance, t he  s t e p  s i ze  i s  halved again and t h e  Runge-Kutta integrat ion is  used f o r  

- four s teps .  This is  done because with l a r g e  r a t e s  of change of der ivat ives  normal 
* t o  so lu t ion  curves, t h e  interpolat ion scheme becomes unstable with multiple halv- 

ings. When multiple halvings are necessary, t h i s  i s  noted by a statement i n  the  
I 1  + output f o r m t  "Runge-Kutta restart a t  X = .(). .. AX = . .. ., . , . 

Round-Off Error  Control 

During t h e  in tegra t ion  it is necessa ry to  add small quant i t ies  t o  la rge  ones 
and preserve accuracy. Such i s  the  case, for  instance,  when t h e  s t e p  s i z e  is  
very small and even though the  functions and function der ivat ives  are large,  the  
change i n  a function f o r  t h i s  par t icu lar  s tep m y  a l s o  be small. If t h i s  function 
change were accumulated i n  the  n o r m l  manner, it is  possible that the  change i n  
t h e  function would be l o s t .  To prevent t h i s  from happening, double precision 
a r i thmet ic  i s  used t o  add changes i n  the function values t o  t h e  functions.  

A l s o  t o  prevent t h e  loss of s ign i f icant  figures, it is not possible t o  re- 
t a i n  t h e  quant i t ies  X j  (Eq. (19)) as such throughout t he  program. L e t  

If FKC were sml l  compared t o  1 (such would be the  case when the  
react ions are near equilibrium) calculat ing 
introduce a s ign i f i can t  e r ror .  Since X is such an  in t eg ra l  part of t h e  equa- 
t i o n  system th is  i s  not to le rab le .  Therefore, both X and FKC are car r ied  i n  
t h e  d i f f e r e n t i a l  equation system as variables.  When X is being used "system 1" 
is noted i n  t h e  output and when FKC is  being calculated "system 2" is noted (see 
Fig. 1). "System 2" is i n  e f f e c t  when -0.1 < FKC < 0.1. 

X = FKC-1. 
X over a succession of s teps  might 

In tegra t ion  i n  the Transonic Region - Throat Control 

Integrat ing the  system of equations through a convergent-divergent nozzle 
involves not only a s ingu la r i ty  a t  the  sonic point (e.g., see Eq. (ll), M = 1) 
but a l s o  involves handling overflow and underflow conditions since the  exact 
choking mass flow cannot be determined "a pr ior i" .  
d i r e c t l y  i n  t h e  program without i t e r a t i o n  o r  restart. 

These problems are solved 

During t h e  integrat ion through t h e  subsonic sec t ion  of t he  nozzle both the  

If the  &ch number exceeds 1 - EPS1, (EFS1 is an input quant i ty  
- Wch number and the rate of change of the Wch number with dis tance are checked 

which is a r b i t r a r i l y  small and posi t ive)  or i f  t he  slope of h c h  number with 
dis tance becomes negative, t he  cont ro l  of the d i f f e r e n t i a l  equation system i s  
switched from area  (Eq. (11)) t o  &ch number (Eq. (18)), and a l i n e a r  bhch 
number d i s t r ibu t ion  with dis tance is prescribed. 
f o r  t h e  cont ro l  ?s e i t h e r  t he  value a t  the  switch point i n  the  case where t h e  Wch number 

. a t  each s tep .  

The h c h  number slope used 



exceeds 1-EPSI, or  the  maximum Mach number slope achieved p r i o r  t o  switching i n  
- the  case where the slope becones negative. 

u n t i l  the  Mach number exceeds 1 + EPS2 (Em2 defined similarly t o  EPSI). . 
t h i s  point both the new area ( ) and the new area  slope ( x1 ) are  compared t o  
the  or ig ina l  input quant i t ies  (A, A t ) .  Lf and a re  both within the pre- 
selected tolerances (DEL, DELP), the control of the d i f f e ren t i a l  equation s y s t e m  
i s  returned t o  the area and the  input area d is t r ibu t ion  is  modified by the rela- 
t ion ,  

The Mach number control i s  maintained 
A t  

where 

and b refers t o  conditions at the  point where M = 1 + EPS2. 
t r i bu t ion  is  used from X = xb u n t i l  completion of the  nozzle. 
are not within the preselected tolerances the Mach number control i s  retained 
and the  integrat ion i s  terminated at a subsequent preselected Mach number 

This new area dis- 
If A" and 

(F-1 

Throat Study 

The deck can be used t o  study the  effect  of various throa t  contours. A s  
the  equations are integrated through the nozzle, in fomat ion  i s  s tored at a 
specif ied Mach number i n  the convergent section (FMI). After the  i n i t i a l  nozzle 
is calculated, the program returns  t o  the s tored posi t ion and determines a hyper- 

~ bol ic  M ~ c h  number d is t r ibu t ion  w i t h  distance (see Eq. (30) below) using the  h c h  
number and the  slope of the  Mach nuIIlber at t h i s  posi t ion and a prescribed super- 

- sonic Mach number (FMTS) at different  downstream locat ions (XITS). The equation 
system is  then integrated using the Mach nuniber d i s t r ibu t ions  t o  control. 

XITS = (KTS - JTS) DXTS + xns 
FMI - ( FMTS - FMI) (x -XI> 

M =  
( FMTS - FMI 1 (X -XITS 1 
(FMI'WITS - XJ 

- (x -XI) 

F 
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C g l O O g 6 - l l  

DISCUSSION OF THE MACHINE PROGRAM 

Input Description 

Input Lis t ing  

The following is  a l i s t i n g  of the necessary input f o r  the machine program. 
The input format is given i n  Table 1. 
r e f e r  t o  the card numbers (first column) of Table 1, 

The statement nmibers i n  the  t e x t  below 

1, The first card i s  the t i t l e  card. The t i t l e  may be any alpha numeric 
in fomat ion  desired. 

2. The second card contains the numbers NA, NM and NR. NA is  the  number 
The phrase atomic species can be l i b e r a l l y  in t e r -  

For instance N Q  could 
Non-reacting species (i,e,, Argon) should 

NMis the  nuniber of molecular species. 

of atomic species. 

be ca l led  an atm i n  N2O4. 
be t r ea t ed  as atomic species. 
N = (WL + NM) i s  the t o t a l  number of species whose maximum value is 
15. NR is the  number of reactions, The maximum number of react ions 
t h a t  can be handled is f i f t een .  
f o r  each non-reacting species i n  the form A -1: A, so that the  sum of 
the  stoichiometric coeff ic ients  i s  zero. 

and need not be rigorous chemically. 

A separate react ion should be wr i t ten  

3. The t h i r d  card(s)  contains the stoichiometric coef f ic ien ts  (IALP 
and IALPH). 
react ions (j). The f irst  NM reactions must be independent. The 
general t h i r d  body is  representedby a 1 i n  the N + 1 column on 
the  r igh t  hand s ide of the  matrix. 

The columns represent t he  species (i) and the  r o w s  the  

4. B e t a  values a r e  l i s t e d  on the  fourth card(s) .  6,; represents t he  
If an number of i t h  atoms (rows) i n  the j t h  molecule (columns). 

i n e r t  gas is being used as an atom all the  
would be zero. 

/? , j ’s  f o r  t h i s  row 

5 .  The f i f t h  card(s) contains the k ine t ic  r a t e  constants D, E and F. 
The forward rate equation is  

Kf z p7.5 .c  ( f / Y  ) 

where D, E and F are obtained by standard f i t t i n g  procedures. 
the case of a non-reacting species E and F a r e  set equal t o  zero 
while D is  s e t  equal t o  one. 

In  



I 

6. 'IPne s i x t h  car  r , s )  contains the values 0: De, E, and Fc used t o  
define the  equilibrium constant i n  t he  equation: 

D, TEC EXP (Fc I T )  

When s t a r t i n g  from an equi l ibr iumposi t ion,  it is  important that 
both the  s t a r t i n g  composition and thermodynamics propert ies  be 
consis tent  with those determined from t he  equilibrium constants 
( Kc) used i n  the  deck. If a supplementary program i s  used t o  
e s t ab l i sh  the  equilibrium conditions,both t h i s  program and the  
k i n e t i c  program should use the  same equilibrium constants. The 
most consistent r e s u l t s  have been achieved by taking t h e  equilibrium 
constants from the  JANAF t ab l e s  or NASA SP 3001 and using a least 
squares f i t  t o  c d c u l a t e  the values of Dc, E, and Fc (Eq. (6)). 
When a react ion equation f o r  a non-reacting species i s  present E, 
and F, are set equal t o  zero while D, i s  set equal t o  one. 

7. 

8. 

The seventh card contains a number of physical  of thermodynamic 
constants. 
R i s  the  universal  gas constant, J Jou le ' s  constant and g t h e  
g r a v i t a t i o n d  constant. It can be seen from t h e  equation system 
t h a t  any comis ten t  s e t  of u n i t s  may be used f o r  a pa r t i cu la r  cal-  
culation. A l l  t h a t  i s  necessary is  t o  introduce R, J and g i n  t h e  
u n i t s  desired. 
English system, R = 1545 ft-lbf , J = 778 ft-lbf and g = 32,174 

lbm-ft 

TB i s  the reference temperature f o r  calculat ing enthalpy, 

For example, i f  the calculat ion i s  desired i n  the  

mole-OR Btu 
. If the c.g.s. system is desired R = 8.48 x lo6 cm-gmf 

l b f  -sec2 %-OK 
J = 4.27 x lo4 E and g = 980.67 

gmf - s e c2 C a l  

'ke eighth card contains s t a r t i n g  condition6 and pos i t ion  indicators .  
V, T, P and ASTART are the  i n i t i a l  veloci ty ,  temperature, pressure 
and area, respectively.  In  a nozzle calculat ion a f a l s e  posi t ion 
rout ine i s  used t o  loca t e  t h e  axial pos i t ion  of t h e  s t a r t i n g  area. 
Two X values bracketing the  desired X are needed, If t h e  i n i t i a l  
area i s  i n  t h e  convergent sect ion (FFALSE = -1,0),the upstream 
bracket i s  the  first value i n  t h e  input area versus length table. 
If t h e  i n i t i a l  a r ea  i s  i n  t.he divergent sect ion (FFALSE = +1.0), t he  
downstream bracket i s  t h e  last value i n  the  a r e a  table .  I n  both 
cases X M I N I  i s  the  other  bracket and mst be between t h e  point de- 
s i red and the  X at t h e  minimum area. 
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9. 
- 

10. 

ll. 

12. 

The n in th  card(s)  contains the  molea i la r  weights, W ( 1 ) .  
NA of these must be those of t he  atomic species. 
molecular weights es tab l i shes  t h e  order f o r  the  stoichiometric 
matrix, t h e  spec i f i c  heat tab les ,  the hea ts  of formation and t h e  
coacentrations.  

The f i r s t  
The order of the  

The t en th  card lists ISIG1, a concentration indicator .  
0, t h e  following n/6 cards (n equals the  t o t a l  nunibex- & species)  
contain mass f rac t ions .  
sigmas 

If ISIGl = 

If ISIGl = 1, t h e  following cards contain 

The uPS(1)'s on card(s)  ll a r e  the i n i t i a l  mass f r ac t ions  (if card 
10 contains a zero), o r  i n i t i a l  sigmas <if card 10 contains a one). 
0.0 cannot be used f o r  e i t h e r  a mass f r ac t ion  or a sigma. 
negl ig ib le  amount of a species i s  present,  use sigma = 1.0 x lO-l5, 

If a 

Card 12 contains a number of numerical control  variables, XMA,X 
i s  t h e  m a x i m  length of t h e  nozzle desired. 
calculat ion i s  terminated. DELX is the  i n i t i a l  s t ep  s i z e  i n  
the  integrat ion.  The i n i t i a l  step s i z e  should be kept small t o  
insure a s t ab le  start i n  t h e  Runge-Kutta integrat ion.  In  a 
normal nozzle start where the  composition i s  e i t h e r  i n  equilibrium 
o r  c lose t o  it, a DELX = 10-7 f t  is recommended. In  a combustion 
chamber where t h e  composition i s  far removed from equilibrium and 
the  i n i t i a l  der ivat ives  may be very large,  DELX = 10-20 f t  i s  
recommended. 
t he re  w i l l  be no problem of excessive in tegra t ion  s teps  because 
of a small i n i t i a l  s t ep  s i ze .  TPMAX i s  the  value of t he  temperature 
slope a f t e r  t he  maximum temperature slope which may be used t o  
terminate combustion chamber calculations.  When T' L TPMAX the 
calculat ion w i l l  terminate. TPMX = 0 corresponds t o  equilibrfum. 
EF'Sl i s  t h e  control  f o r  switching i n t o  the Mach number system. 
If 1 - EPSl  Y M the  der ivat ive equations w i l l  be switched. EPS2 
i s  the  control  f o r  re turning t o  the a rea  system. 
the  control  w i l l  r e tu rn  t o  the  area i f  al l  t h e  c r f t e r i a  have been 
m e t .  EPS3 is  used as a control  i n  both the  supersonic combustion 
chamber calculat ion and i n  nozzle calculat ions.  In  the  supersonic 
combustion chamber when the Mach number ge ts  within EPS? of un i ty  
(ice., when M This is  
done t o  prevent an overflow condition when the  denominator I& - 1 
goes t o  zero,  
I n  subsonic nczzle calculations,  EPS3 i s  used t o  determine when t h e  
Mach number der ivat ive shculd be compared t o  zero, Af te r  M ;. Em?, 
the  Mach n - h e r  slope i s  comparedtc zero t o  check f o r  s u b c r i t i c a l  

If X > XMU, the 

Since the s t ep  s i z e  can double every t h i r d  s tep,  

When M 3 EPS2 + 1 

1 + c 3  ) the  calculations a r e  terminated. 

EPSj i s  not used i n  subsonic combustion chambers. 
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13 

14. 

15 

16. 

mass f l a w  rates. 
the  onset of a calculation from t r iggering an unnecessary switch 
t o  t h e  k c h  number control  system. In  subsonic nozzle calculations 
EPS3 should be set t o  about 5$ l a rger  than the i n i t i a l  Mach number. 
In  supersonic nozzle calculations EPS3 should be set equal t o  -2. 

EPS3 i s  used t o  prevent a s l i g h t  i n s t a b i l i t y  at 

Additional numerical control variables are contained on card 13. 
DELP i s  the c r i t e r ion  f o r  accepting slope i n  returning t o  area 
control  and DEL i s  the  c r i t e r ion  f o r  accepting area. 
be s a t i s f i e d  t o  return.  FMMAX i s  the  maximum k c h  number desired 
i n  a given run. When M Y FMMU the calculat ion is  ended. FI'NALJ4 
is the maximum Mach number desired i n  a Mach number control system. 
FMI is  the upstream k c h  number used t o  i n i t i a t e  a throat study. 
XITS is t h e  i n i t i a l  locat ion downstream f o r  the  Mach number i n  a 
throa t  study. 

Both must 

Card 14 contains addi t ional  numerical control  var iables  also. 
DXTS is  t h e  change i n  XITS f o r  multiple throats .  XITS is in- 
creased by DXTS f o r  each additional throat .  FLWX is the  maxhnm 
length desired f o r  a cambustion chamber. TOL 1 and TOL 2 are the  
upper and lower limits f o r  step s i z e  control  i n  t h e  predictor- 
corrector  integration. FIANDS is  the allowable deviation from 
un i ty  i n  the  sum of t h e  mss fractions.  FMTS is  the  downstream 
Mach number f o r  the  throa t  study. 

A var ie ty  of indicators  appear on card 15. 
s teps  skipped between p r i n t s  when M < 1 - EPS1. 
skipped when 1 - EPSl  
when M > 1 + EPS2. NOZLNO i s  the  number of nozzles t o  be cal-  
culated from a set of input. JSUPP i s  the  p r i n t  option. If 
JSUPP i s  0, everything i s  printed,  i f  it is  1, no A , x' pre- 
d ic tors  o r  correctors are pr inted and i f  it is  2, no D , o', 
>., A' predictors  o r  correctors are printed. KTS equals the  

number of th roa t  s tud ies  - 1, i f  no throa t  study is t o  be con- 
ducted, KTS = -2, "ETA establ ishes  the  mode of operation. 1 
s i g n i f i e s  a combustion chamber while 2 s i g n i f i e s  a nozzle. NFTJNO 
is set equal t o  1 i f  punched cards f o r  restart are desired, 0 i f  
they are not. F"l is  the number of s teps  p r i o r  t o  the  i n i t i a l  
punch and F " 2  i s  the  number of s teps  skipped between punches 
a f te r  t h a t .  

Nl is  the  number of 
N2 is  the  number 

M < 1 + El32 and IQ i s  t h e  number skipped 

Card 16 contains the  geometrical constants AL and BL. 
function f o r  a combustion chamber is; Area = AL-X + BL. 

The area 



17. 
- 

18. 

19. 

20. 

21 I 

The heats  of fonnation of t he  individual species i n  t h e i r  standard 
states at  the reference temperature TB are  contained on card(s)  17. 

Card(s) 18 contains the  indicators,  NCP1. 
points  i n  each specif ic  heat table.  
species, and 4 NCPl : 30. 

NCPl i s  the  number of 
There must be one f o r  each 

The spec i f ic  heat tables are contained on cards 19. 
must be monatonic increasing and TB must be included i n  t h e  tempera- 
t u r e  range, 
a third-degree polynomial between every- set of points.  

The temperatures 

These tab les  a re  subsequently sp l ine - f i t t ed  providing 

Card 20 contains IP  which i s  the  number of points  i n  the  area 
table (4 1 IP  " 30). 

Card(s) 21 contain the  a rea  table .  
versus area i n  which X must be monatonically increasing. 
t a b l e  i s  a l so  f i t t e d  with a spline approximation ( R e f ,  6)  and 
care should be taken i n  providing an even spread of points.  

The area  t a b l e  i s  X distance 
This 

Sample Input 

I n  order t o  i l l u s t r a t e  the  manner of use of t h i s  program as out l ined i n  the  
Input Description Section, a sample calculation is described i n  this  sect ion f o r  
recombination of hydrogen-oxygen.conibustion products i n  a typ ica l  convergent- 
divergent nozzle. The combustion chamber conditions f o r  t h i s  example are O/F = 
5 and combustion pressure = 60 ps i a  (8640 psf).  The ac tua l  nozzle calculations 
are s t a r t e d  downstream of the  combustion chaniber i n  the  convergent section at a 
point where near  equilibrium conditions exis t  and shor t ly  upstream of t h e  region 
where divergence from equilibrium i s  anticipated. (See sect ion on Common Opera- 
t i o n a l  Problems f o r  method of select ing the s t a r t i n g  location; ) 

The react ion mechanism (i.e., t h e  set of Eq. (12)) is: 

+ OH 

H +  0, 

0 + H2 

2H + M 

H + OH 

20 + M 
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There are two atomic species, four  molecular species and s ix  reactions.  
matrix which r e l a t e s  the  stoichiometric coefficients of t h e  react ions (a:, 
and c,: 
Table 11, 
t h e  thermochemical and k ine t i c  constants are sham i n  Tables 111-V. 
system of u n i t s  is  used f o r  t h i s  calculation and the  base temperature f o r  enthalpy 
i s  1800 OR. The area d is t r ibu t ion  must be tabulated according t o  s tep  21 of Input 
Description Section. 

The 

) and the number of atoms i n  each of t he  molecules, ( ), is  given i n  
Additional data such as i n i t i a l v e l o c i t y ,  pressure, temperature, and 

The English 

The ins t ruc t ion  statements f o r  a typical  calculation are i l l u s t r a t e d  i n  the  
The run is  s t a r t e d  i n  t h e  convergent sample input sheets  (Figures 1 and 2). 

sect ion of t h e  nozzle (FALSE = -1.0) and the concentrations are i n  mass f rac t ions  
(Table V) .  
(Em1 = 0.1) and the  return t o  area control, i f  possibLe, i s  desired at a k c h  
number of 1.01 (EPS2 7 0,Ol). Both the  area and the  area slope r e su l t i ng  f r o m  
the  Mach nuniber control  integrat ion are required t o  be within 10 percent (DEL = 
DELP = 0.1) of t h e  input values. If they are not, the calculat ion will stop at 
a Mach number of 1.1 (FINALM = 1.1). Since no throa t  s tudies  are desired, a 
supersonic Mmh number is  used f o r  FML. 
w i l l  be to l e ra t ed  i n  the  sum of the  mass fractions.  Five steps w i l l  be skipped 
i n  t h e  p r i n t  rout ine i n  t h e  subsonic and supersonic regimes and three w i l l  be 
skipped i n  t h e  transonic sect ion (N1 = 5, N2  = 3, and N 3  = 5).  No. 2 ,  .\' , P 
o r  C (JSUPP = 1) w i l l  be pr inted and cards w i l l  be punched (NPUNO = 1) every 
21 s teps  (l?"2 = 20) af ter  the  first 400 (lWpuN1 = 400). 

The switch t o  Mach number control i s  desired at a Mach rimer of 0.9 

An e r r o r  of 5 percent (FUWDS = 0.05) 

Output Description 

A s  w a s  indicated i n  the  previous section, three a l t e rna t ive  outputs are 
available.  
The most complete set of output data (JSUPP = 0)  consis ts  of t he  var iables  quan- 
t i t i e s  l i s t e d  i n  Table V I .  Included i n  t h i s  pr int-out  are the mixture velocity,  
temperature, pressure, density, Mach number and species concentrations as functions 
of a x i a l  distance. Also included are several process and geometrical var iables  
such as t h e  process gamma, temperature slope and the  f l a w  cross-sectional area. 
All of the  input information discussed i n  the previous sect ion i s  pr in ted  at the  
start of t he  calculation. 

Selection of these outputs is control&ed by t he  input number JSUPP. 

A t yp ica l  sample of the  complete output i s  included i n  Fig. 3 .  

The two abbreviated outputs r e t a in  all of the  thermodynamic var iables  i n  the  
pr intout  but eliminate portions of t he  process var iables  employed i n  t h e  integra- 
t ion .  
correctors  are printed.  IT JSUPP = 2, no 1, 3 , X , A , predictors  o r  cor- 
rec tors  are pr inted.  

Spec i f ic ia l ly ,  i f  the input number, JSUPP = l, no A ,  x' , predictors  o r  
I 
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Common Operational Problems 

The computer program as discussed previously has been used successfully f o r  
- many propellant combinations over an extended period of time. During t h i s  period 

Some of these techniques a r e  presented here i n  order t o  enable 
a great  deal of experience has been gathered and some "trouble-shooting" tech- 
niques developed. 
more e f f i c i e n t  use of the computer program. 

Selection of S t  art ing Locat ion 

The f i r s t  problem confronting the user of t h i s  prograln i s  the  select ion of 
where t o  start the calculation i n  order t o  get t h e  bes t  results i n  the  least amaunt 
of time. Since the deck i s  not designed t o  in tegra te  along an equilibrium path, 
and since there  a re  many more e f f i c i en t  ways avai lable  t o  perform t h i s  type of 
calculation, it is  desirable t o  start the  calculation from a point i n  the  nozzle 
where the  f l o w  i s  s t a r t i n g  t o  depart s ignif icant ly  from equilibrium flow. By 
making a s e r i e s  of very short  runs a t  various locat ions i n  the subsonic portion 
of the  nozzle, it i s  possible t o  loca te  a proper s t a r t i n g  area. 
may be used t o  determine t h i s  s t a r t i n g  area: 
r a t e  parameter, LAMBIA, or  the process gamma, GAMMA- P .  A t  equilibrium LAMBDA 
is  equal t o  zero and GAMMA- F. is equal t o  the equilibrium gamma. 
t i o n  i s  progressing along an equilibrium path, t he  s tep  s i z e  w i l l  reach a constant 
value which i s  pecul iar  t o  the  nozzle and which i s  usually qui te  small. 

Three var iables  
the  s tep  s ize ,  DEZLCAX, t he  k ine t i c  

If a calcula- 

Choice of Cr i t i ca l  Mass Flow Rate 

A second problem usually encountered is the  choice of the c r i t i c a l  mass flow 
rate f o r  a given nozzle with a given propellant combination. The mass flow rate 
of the  react ing gas mixture under consideration must be between that f o r  equi- 
l ibrium flow and t h a t  f o r  frozen flow. The c r i t i c a l  mass flow which can vary as 
much as f i v e  percent f o r  the extreme gas models is dependent on the chamber pres- 
sure and the  i n i t i a l  Bkch number of the k ine t ic  f l o w  calculations.  A s  the  chamber 
pressure increases,the mass f l o w  must approach the  equilibrium value. 
oxygen propellant f o r  which extensive kinet ic  f l o w  calculations have been performed 

-may be used as an example. 
process should be e s sen t i a l ly  an equilibrium process (high chamber pressure mini- 
mizes  nonequilibrium losses), and thus the  flow rate should be t h a t  f o r  equilibrium 
-flow through the  nozzle throat .  When the  pressure is  60 psia, the mass flow rate 
approaches a value 0.5 percent less than the frozen value, i.e., near frozen mass 
flaw. 

The hydrogen- 

If the  chamber pressure i s  300 psfa, t he  expansion 

Also the  nearness t o  a Mach nuniber of uni ty  f o r  the s t a r t i n g  Mach number af- 
Since the flow i s  i n  equilibrium a t  the start, f e c t s  the choking mass flow ra t e .  
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as the area of t he  start ge ts  closer t o  the sonic point the  mss flow r a t e  must 
l i e  nearer t o  the equilibrium value. 

In  general, it w i l l  be d i f f i c u l t  t o  guess the mass f l o w  r a t e  that  corresponds 
t o  a pa r t i cu la r  nozzle, especial ly  if the expansion charac te r i s t ics  of the corn- 

For i n i t i a l  at- 
tempts t o  match throat  contours, the  nozzle produced i n  system 2 (see throat  cal-  
culation) w i l l  probably not m e e t  the  area and the  area slope tolerances. 
rect ions can be made without rerunning the en t i re  subsonic nozzle at a new mass 
f l o w  ra te .  
corrected by rerunning the  case from a hhch number lower than the or ig ina l  switch 
point w i t h  t h e  new EPSl  equal t o  a la rger  value than the or iginal .  
cause the  t r ans fe r  t o  the Mach number control system t o  occur when the  k c h  number 
derivative is  smaller and the nozzle produced w i l l  have l e s s  curvature than the  
first attempt. 
combined graphically with the desired nozzle i n  such a way that a new nozzle 
very similar t o  the  or ig ina l  desired nozzle i s  produced. 
input and the  case r e s t a r t ed  i n  the  supersonic portion. 

.bus t ion  products of the propellant conibination a re  unfamiliar. 

Cor- 

If the  produced nozzle has a slope grea te r  than desired, it may be 

This w i l l  

It is  a l so  possible i n  many cases t h a t  the  produced nozzle can be 

The l a t t e r  can then be 

Aborted S tar t ing  

Sometimes without apparent reason a calculation may terminate almost as 
soon as it starts. 
of the  mass f r ac t ions  exceeding the  l imi t ,  by the temperature being outside the  
table range o r  by an e r ro r  routine, such as negative square root, being t r i g -  
gered. If, after a careful  check of the input, nothing appears t o  be incorrect,  
a strong p o s s i b i l i t y  may be that the i n i t i a l  s t ep  s i ze  w a s  too large.  Too large 
an i n i t i a l  s t e p  s i z e  causes an unstable Runge-Kutta integrat ion which can, i n  
turn, r e s u l t  i n  a l l  of the e r rors  mentioned above. If t h i s  happens, the cal-  
culation should be rerun with the  i n i t i a l  step s i z e  s e t  t o  
allow the calculat ion t o  get past  the Runge-Kutta integrat ion and i n  general 
continue without fu r the r  trouble. The s tep s i z e  w i l l  rapidly bui ld  up t o  an 
acceptable value. 

This termination may be caused, on the  surface, by the  sum 

fee t ,  t h i s  W i l l  

~ Machine Overflow 

Another minor source of trouble has been a machine overflow condition i n  
-the supersonic portion of the  flow. This is  generally caused by the exponential 
term i n  the  rate constant equation (exp (F/T)). 
-lo6) and when T becomes small, such as i n  a l a rge  a rea  r a t i o  nozzle, the  resu l t ing  
F/T may overflow the  machine. 
If continued running is  desired, the  value of F may be modified without affecting 
the  r e s u l t s  so that it no longer causes an overflow, 
reacting, it w i l l  be necessary t o  r e f i t  the r a t e  equation f o r  a lower temperature 
range t o  overcome t h i s  problem. 

F is  often a la rge  number (1,O x 

When t h i s  happens, t h e  f l o w  is invariably frozen. 

However, i f  the flow i s  s t i l l  
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LIST OF SYMBOLS 

A rea 

Area (transonic region) 

Velocity of sound 

Specif ic  heat  

Forward rate conEtant coeff ic ient  

Equilibrium constant coeff ic ient  

Forward rate coef f ic ien t  

Equilibrium constant coeff ic ient  

Forward rate coef f ic ien t  

Equilibrium constant coeff ic ient  

Gravi ta t ional  constant 

Enthalpy 

Heat of f o r m t i o n  of i t h  component 

Enthalpy of i t h  component 

Stagnation enthalpy 

hkchsnical equivalent of heat energy 

Specif ic  react ion rate constants, forward react ions and 
reverse reac t  ions 

Equilibrium constants i n  concentration u n i t s  

Wch number 

WSE flow rate 
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LIST O F  SYMBOLS (Cont.) 

Pressure 

Universal gas constant 

Temperature 

Velocity 

Length 

The stoichiometric Coefficients, of t he  i t h  species i n  the  j t h  reaction, 
reac tan ts  and products, respectively. 

The number of the i t h  atomic species i n  the  j t h  molecular species 

b t i o  of spec i f ic  heats  defined by equation 5a 

Variable defined by equation 18 

Density 

Concentration: mss f r ac t ion  divided by molecular w e i g h t  

Subsc r i p t  s 

D Indicates reference b s e  or  backward chemical change 

f Indicates forward react ion r a t e  

i . i , k  Indices used interchangeably t o  signif‘y atoms, species or 
react ions i n  generalized ana ly t i ca l  expressions 

r! ,, Number of atomic species 
U 

-n m 

n r  

Nmber of independent chemical reactions 

T o t a l  number of chemical reac t  ions 

0 Stagnation conditions 
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LISTING OF SUBROUTI&TS AND FLOW CHARTS 

The following is a l i s t i n g  of subroutines which comprise the IBM 7094 com- 
puter  program f o r  solving the one-dimensional gas dynamic and chemical k ine t ic  
equations, 
the  l i s t i n g  i n  Figs. 1-1 through 1-15. 

The flow charts  fo r  these subroutines a r e  included immediately af'ter 

~ A L  

AEBLTCR 

AREA 

BMFIT 

Boss 

CPIiAL 

CPUFIIC 

mIv 

FALSIE 

FLm 

HAM 

(Fig. 1-1) - 
(Fig* 1-1) - 
(Fig. 1-1) - 

(Fig. 1-2) - 

(Fig. I-3,4) - 

(Fig. 1-5) - 

(Fig. 1-6) - 

(Fig. I-7,8) - 

(Fig. 1-9) - 

(Fig. 1-10) - 

(Fig. I-ll) - 

Evalmtes  the area a t  a given X by using a cubic equationo 

Is a dummy subroutine, 

Obtains cubic coeff ic ients  of the A vs X t ab le  by using 
BMFIT. 

F i t s  tabular data by forming coeff ic ients  between tabular 
data points. For some in t e rva l  such t h a t  X, 
we can obtain f (X) = a.X3+bi$+ciX+di, where ai, bi, c i  
and d i  a r e  the  generatea coeff ic ients .  

X .. Xi+ 1 

Is the  control l ing subroutine of the e n t i r e  program. 
It determines, by using various checks, when each of 
the  other subroutines should be used. 

Evaluates Cp, h, and K a t  a given T by using a cubic 
equation. 

dCP 

Reads cards of Number 18 and Number 19. 
are the Cp vs T t a b l e .  
coeff ic ients  f o r  each C 
t o  obtain h. 

These cards 
By using BME'IT it obtains cubic 

vs T t ab le  and integrates  Cp 
P 

Computes the values of T ' ,  p ' ,  0 ', and X ' i n  the  d i f -  
f e r e n t i a l  equation system. This rout ine is  used by 
both HAM and KuTllA. 

Uses the method of Blse  posi t ion t o  converge on the  
root  of an equation. 

Defines the  equation which enables the program t o  con- 
verge t o  the proper s t a r t i n g  Xl value, It is used ex- 
c lusively by FALSIE. 

Is Hamming's method f o r  integrat ing a system of differen-  
t i a l  equations. 
steps.  

Hamming's method uses predictor-corrector 



WIN 

“OZL 

QUIT1 

I srAR!r 

(Fig. 1-32) - 

(Fig. I-lo) - 
(Fig. 1-13) - 

(Fig.. 1-14) - 

(Fig. 1-15) - 
(Fig. 1-5) - 

(Fig. 1-5) - 

(Fig. 1-15) - 

(Fig. 1-15) - 

(Fig. 1-1) - 

Stores  and p r i n t s  a l l  output while the program is i n  
execution 

Reads and p r i n t s  cards of Number 1 through Number 17. 

Inverts  a matrix. 
the  stoichiometric matrix. 

I n  t h i s  program it is used t o  invert  

Integrates  a system of d i f f e r e n t i a l  equations using a Runge- 
K u t t a  type of integrat ion scheme. 
the program and mking various restarts. 

It is  used f o r  s t a r t i n g  

Is the  c a l l i n g  program f o r  INPUT, CPUFIT, and BOSS. 

Reads cards of Number 20 and Number 21, This i s  the A 
vs X t ab le .  

Is used t o  s top  a combustion chamber run. 
quan t i t i e s  aga ins t  generated variables and s tops i f  the 
input quant i t ies  have been exceeded, 

It checks input 

Obtains, by using a Runge-Kutta in tegra t ion  scheme, 
the  i n i t i a l  four points necessary t o  use Ilsmming’s 
method of integration. 

Determines whether our d i f f e r e n t i a l  equation system w i l l  
be i n  o r  X +lo This is done t o  prevent taking 
the na tura l  l og  of O o  

Controls var iable  changes which allow multiple throat 
s tud ies  

27 



c910096 - I1 FIG. I - I  



C910096 - I I FIG. Z - 2  

m 

I- X 
0 

29 



C910096 - I I FIG. 1-3 

0 

'i 
l- 
a 
f 
_I 

d 

I? I 

1 1 

30 



C 910096 -I  I F IG.1-4 

a 
* 

I 

N 
B 



FIG. 1-5 

Q 

32 



C 910096 - I I 

n 

FIG. 1-6 - 

1 

33 



C910096- I I  FIG. I - 7 

34 



C910096- I I  FIG. 1-8 

0 -  n 

& n 

U 

I------- 

35 



C910096- I I FIG. 1-9 

W 

r 

A 

V 

W 
5 
3 

z 
I- 

2 3 LL 

0 

m 
LL 
X U 

W I- 

z 

36 



C910096- I1 FIG. 1-10 

I 

J 

37 



~ 

FIG. 1-11 C 910096 - I I 

a 

AI 

L 

t 

;ol Y 

L 

38 



C910096- I1 FIG. 1-12 

39 



C910096 - I I 

- 
L X 

I-- 

9 
z. 
W 

- 
L- 

W 

z 

W 

H 
5 
P 
3 

- 
X 

t -  

n 
0 

t Z  
- N  
+- I 

L- 

O 

t 
9 - 

L L 

t 
0 

~~~ 

FIG. I - 13 

40 



I .  

C910096- I I  FIG. I- 14 

41 



C910096-II FIG. 1-15 

42 



APPENDIX I1 

No. of Copies 

10 

2 

1 

2 

2 

1 

4 

1 

25 

2 

DISTRIBUTION LIST 

R e  CiDient 

NASA L e w i s  Research Center, 21000 Brookpark Road 
Cleveland, Ohio 4.4135 

M r .  P. N. Herr 
Project Mmager 

Mr. J. A. Durica 
Procurement Manager 

Mr. Norman T. Musial 
Patent Counsel 

Captain J. 0. Tinius 
AF’SC Liaison Officer 

Lewis Library 

Report Control Office 
Technical Infomation Division 

National Aeronautics and Space Administration 
Washington, D. C. 20546 

M r .  Henry Burlage, Jr./RPL 
Chief, Liquid Propulsion Systems 

M r .  Rynaa l  Wetherington 
Code MAT 

Sc ien t i f i c  and Technical Infomation F a c i l i t y  
NASA Representative, Code CRT 
P. 0. Box 5700 
Bethesda, Wryland 20014 

Ames Research Center 
Attn: 
Moffett Field, California 94035 

Harold Hornby, Mission Analysis Division 

43 



~910096 - 11 

No. of Copies 

2 
. 

2 

2 

2 

2 

1 

1 

1 

1 

Recipient 

Goddard Space Fl ight  Center 
Attn: Merland L. Moseson, Code 623 
Greenbelt, k r y l a n d  20771 

J e t  Propulsion Laboratory 
Attn: 
Cal i fornia  I n s t i t u t e  of Technology 
4800 Oak Grove Drive 
Pasadena, California 91103 

R. F. Rose, Propulsion Division, 38 

Langley Research Center 
Langley S ta t ion  
Attn: Floyd L. Thompson, Director 
Hampton, Virginia 23365 

Marshall Space F l ight  Center 
Attn: Hermann K. Weidner, Code M-BVED 
Huntsvil le,  Alabama 35812 

Manned Spacecraft Center 
Attn: Robert R. Gilruth, Director 
Houston, Texas 77001 

Advanced Research Projects Agency 
A t t n :  D. E. Mock 
Washington, D. C. 20546 

Aeronautical Systems Division 
A i r  Force Systems Command 
Wright-Patterson A i r  Force Base 
Dayton, Ohio 
Attn: D. L. Schmidt, Code ASRCNC-2 

A i r  Force Missile Development Center 
Attn: M a j .  R. E. Bracken, Code MDGRT 
Holloman A i r  Force Base, New Mexico 

A i r  Force Missile Test Center 
A t t n :  L. J. U l l i a n  
Patr ick A i r  Force Base, Flor ida 

44 



No. of CoDies Recipient 

1 

1 

1 

1 

1 

1 

1 

1 

1 

A i r  Force Systems Command, Dyna-Soar 
Attn: 
A i r  Force U n i t  Post Office 
LOS Angeles 45, California 

Col. Clark, Technical Data Center 

Arnold Engineering Development Center 
Arnold A i r  Force Stat ion 
Attn: I3r. H. K. Doetsch 
Tullahoma, Tennessee 

Bureau of Naval Weapon8 
Attn: J. Kay,  Code RTb5-41 
Department of the  Navy 
Washington 25, D. C. 

Central In te l l igence  Agency 
Attn: Miss Elizabeth F. Kernan 
2430 E. S t r ee t ,  N.W. 
Washington 25, D. C. 

Defense Documentation Center Headquarters 
Cameron Stat ion,  Bullding 5 
5010 Duke S t r ee t  
Alexandria, Virginia 22314 

Attention: TISIA 

Headquarters, U. S. A i r  Force 
Attn: 
Washington 25, D. C. 

Col. C. K. Stambaugh, Code AFRST 

pi cat  inny Arsenal 
Dover, New Jersey 

Attention: I. Forsten, Chief, 
Liquid Propulsion Laboratory 

Rocket Research Laboratories 
Attn: Col. H. W. Norton 
Edwards A i r  Force Base 
Edwards, California 

zi. S. Atomic Energy Commission 
Technical Information Services 
Box 62 
Oak Ridge, Tennessee 



cgloog6-11 

No. of Copies 

1 

Re c i D i  ent  

1 

1 

1 

1 

1 

1 

1 

U, S. Army Missile Command 
Attn: Dr. Walter Wharton 
Redstone Arsenal, Alabama 35809 

U. S. Naval Ordnance Test S ta t ion  
China Lake, California 93557 

Attention: E. Yim, Jr., Code 451 
Chief, MLssile Propulsion Division 

Chemical Propulsion Information Agency 
Johns Hopkins University 
Applied Physics Laboratory 
&21 Georgia Avenue 
S i lve r  Spring, Maryland 

Attention: Neil Safeer 

Aerojet-General Corporation 
Attn: L. F. Kohrs 
P. 0. Box 296 
Azusa, Cal i fornia  

Aerojet-General Corporation 
Attn: R. S t i f f  
P. 0. Box 1947 
Technical Library, Bldg. 2015, Dept. 2410 
Sacramento 9, California 

Aeronutronic 
A Division of Ford Motor Company 
Attn: D. A. Carrison 
Ford R o a d  
Newport Beach, California 

Aerospace Corporation 
2400 East E l  Segundo Boulevard 
P. 0.  Box 95085 
Los Angeles, California 90045 

Attention: John G. Wilder, MS-2293 
Propulsion Department 

Arthur D. Little, Inc. 
Attn: A. C. Tobey 
Acorn Park 
Cambridge 40 ,  Massachusetts 



c g l O O g 6 - 1 1  

No. of Copies 

1 

1 

1 

1 

1 

1 

1 

1 

Recipient 

Astropmer, , Inc., Subsidiary of 
Douglas Aircraf t  Company 
A t t n :  
2968 Randolph Avenue 
Costa Mesa, California 

D r .  George MOC, Director, Research 

A s t  ros yst  ems, Inc. 
Attn: A, Mendenhall 
12'75 Bloomfield Avenue 
Caldwell Township, New Jersey 

At lan t ic  Research Corporation 
Attn: A. Scurlock 
Edsall  Road and Shir ley Highway  
Alexandria, Virginia 

Beech Ai rc ra f t  Corporation 
Boulder F a c i l i t y  
Attn: J, H. Rodger8 
Box 631 
Boulder, Colorado 

' Bel l  Aerosystems Campany 
Attn: W. M. Smith 
P. 0. Box 1 
Buffalo 5 ,  New York 

Bendix Systems Division 
Bendi x Corporation 
Attn: John M. Brueger 
A n n  Arbor, Michigan 

Boeing Company 
Attn: J. I). Alexander 
Po 0. Box 3707 
Sea t t l e  24, Washington 

Chrysler Corporation 
Missile Division 
Attn: John Gates 
Warren, Michigan 

47 



No. of Copies Be c ip ien t  

1 

1 

1 

1 

1 

1 

1 

1 

Curtiss-Wright Corporation 
Wright Aeronautical Division 
Attn: G. Kelley 
Woodridge, New Jersey  

Douglas Airc ra f t  Company, Inc. 
Missile and Space Systems Division 
3000 Ocean Park Boulevard 
Santa Monica, California 

Attention: R. W. Hallet, Chief Ehgineer 
Advanced Space Technology 

Fa i rch i ld  S t r a tos  Corporation 
Aircraf t  Mssiles Mvision 
Attn: J. S. Kerr 
Hagerstown, Maryland 

General Dynamics/Ast ronaut i cs  
Library & Information Services (128-00) 
Attn: Frank Dore 
P. 0. Box u28 
S a n  Diego, Cal i fornia  92212 

General E lec t r i c  Company 
Mssile and Space Vehicle Department 
Attn: L. S. Beers 
3198 Chestnut S t r ee t ,  Box 8555 
Philadelphia 1, Pennsylvania 

General E lec t r i c  Company 
Fl ight  Propulsion Lab Department 
Attn: D. Suichu 
Cincinnati 14, Ohio 

Grumman Airc ra f t  Engineering Corporation 
Attn: Joseph Gavin 
Bethpage, Long Island, New York 

Kidde Aero-Space Division 
Walter Kidde and Company, Inc. 
675 k i n  Street 
Be l l ev i l l e  9, New Jersey 

Attention: R, J. Ranville 
Director of Research Engineering 



No,  of Copies 

1 

1 

1 

1 

1 

1 

1 

1 

Recipient 

Lockheed California Company 
Attn: G. D. Brewer 
10445 Glen Oaks Boulevard 
Pacoims, California 

Lockheed Missiles and Space Company 
Technical Information Center 
Attn: Y. C. Lee, Power Systems R&D 
P. 0. Box 504 
Sunnyvale, California 

Lockheed Propulsion Company 
Attn: H. L. Thackwell 
P. 0. Box 111 
R e d l a n d s ,  Cal i fornia  

The W q u a r d t  Corporation 
Attn: D. L. Walter 
16555 Saticoy Street 
Box rOl3 - South Annex 
Van Nuys, Cal i fornia  

Martin Division 
Mastin Mie t t a  Corporation 
Attn: John Calathes (3214) 
Baltimore 3, Maryland 

h r t  i n  Denver Division 
Martin Marietta Corporation 
Denver, Colorado 

Attention: J. D. Goodlette 
Mail A-241 

McDonnell Ai rcraf t  Corporation 
Attn: R. A. Herzmark 

Lambert Field,  Missouri 
P. 0. BOX 6101 

North American Aviation, Inc. 
Space & Information Systems Division 
Attn: H. Storms 
Downey, Cal i fornia  



No. of Copies 

1 

1 

1 

1 

1 

1 

. 
1 

1 

Recipient 

Northrop Corporation 
Attn: W. E. Gasich 
1001 East Bmaduay 
Rawthorne, California 

Pratt & Whitney Aircraft Corporation 
Flor ida Research & Development Center 
Attn: R. J. Coar 
P. 0. Box 2691 
West Palm Beach, Florida 

Wdio Corporation of America 
Astro*Electronics Division 
Defense Electronic Products 
Princeton, New Jersey 

Attention: S. Fairweather 

Reaction Motors Division 
Thiokol Chemical Corporation 
Attn: Arthur Sherman 
Denville, New Jersey 07832 

Republic Aviation Corporation 
Attn: Dr. W i l l i a m  O'Donnell 
Farmingdale 
Long Island, New York 

Rocketdyne (Library Dept. 5%-306) 
Division of North American Aviation 
Attn: E. B. Monteath 
6633 Canoga Avenue 
Canoga Parkg California 91304 

Space General Corporation 
Attn: C. E,, Roth 
9200 Flair Avenue 
E l  Monte, California 

Space Technology Laboratories 
Subsidiary of Thamps on -Ram0 -Wooldri dge 
Attn: G. W e  Elvenun 
P. 0. Box 95001 
LOS Angeles 45, Cd i fo rn ia  



No. of Copies 

1 

1 

1 

1 

1 

1 

Recipient 

Stanford Research Ins t i t u t e  
Attn: Thor Smith 
333 Ravenswood Avenue 
Menlo Park, California 

TAPCO Division, Thompson-Ramo-Wooldridge, Inc. 
Attn: P. T. h e l l  
23555 Euclid Avenue 
Cleveland 17, Ohio 

Thiokol Chemical Corporation 
Redstone Division 
Attn: W. L. Berry 
Huntsville, Alabama 

United Aircraf t  Corporation 
Research Laboratories 
Attn: Erle  M t i n  
400 Main S t ree t  
East Hartford 8, Connecticut 

United Technology Center 
Attn: B. Abe- 
587 Methilda Avenue 
P. 0. Box 358 
Sunnyvale, California 

Vought Astronautics 
Attn: Warren C. Trent 
Box 5907 
Ilallas 229 Texas 



cgl0096-11 

!€ABLE I 

Input Format 

Number of I B M  Fortran C O ~ U m n S  
Number Cards F o m t  Used 

1 1 A 2-72 

2 1 3 I3 1-3 

4-6 

7-9 

3 NR lX, 4111 2-16 

17 -32 

4 NA ix, 1 5 ~ 1 . 0  2-16 

5 NR/2 6 ~ 1 2 . 7  1-12 

37-48 

13 -24 

49-60 

. 6  NR/2 

25-36 

61-72 

6 ~ 1 2 . 7  1-12 

37-48 

13-24 

49 -60 

25-36 

61-72 

Nomenclature Description 

Title 

NA Atomic Species 

J!lM Molecular Species 

NR React ions 

IALP (J,I) Stoichiometric Coefficients 

TALPR (J,I) Stoichiometric Coefficientq 

BETA (1,J) Number qf at- i n  molecule 

D (J) Constant i n  Rate Equation 

E (J) Constant i n  Rate Equation 

F ~ ’ ( J )  Constant i n  Rate Equation 

DC (J) Constant i n  Equilibrium Equation 

EC (J) Constant i n  Equilibrium Equation 

FC (J) Constant i n  Equilibrium Equation 
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TABLE: I 
, (Cont I ) 

Number of I B M  Fortran Columns 
- Number Cards Formit Used Description Nomenc lat ure 

1 6El2.7 1- 12 TB Base Temperature 7 

13-24 R Gas Constant 

Joules Constant 

Gravity Constant 

Ve l oc  i t y  

Temperature 

Pressure 

S ta r t ing  Area 

False posi t ion bracket 

False posi t ion indicator  

Molecular weight 

25-36 FJ 

37-48 G 

1 6E12.7 8 1-12 V 

13-24 T 

25-36 P 

37-48 

49-60 

AS'PAHT 

XMINI 

61-72 FFALSE 

9 N / 6  6E12 7 1-12 

61-72 

Indicator  ISIGl 

UPS (J) Concentrations 

10 1 I3 

11 N/6  6 ~ 1 2  7 

3 

1-12 

- 1 2  1 6EP 7 

61-72 

XMAX I@iximum length 

DELX I n i t i a l  s t e p  size 

1-12 

13-24 
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TABU I 
( Cont . ) 

Nuniber of IBMFortran Columns 
%umber Cards Format Used 

25-36 

37-48 

49-60 

61 -72 

13 

14 

1 5  

1 

1 

6 ~ 1 2 , 7  1-12 

13-24 

25-36 

37-48 

49-60 

61-72 

6El2.7 1-12 

13-24 

25-36 

37 -48 

49-60 

61-72 

1 813, 2 ~ 6 . 0  1-3 

4-6 

7 -9 

Description 

TPWU 

EPSl 

Em2 

Em3 

DELP 

DEL 

FMmx 

FINALM 

FMI 

XSTS 

DXTS 

Nomenclature 

Temperature slope i n  combustion 

Indicator  

Indicator  

In  di cat  o r  

Slope tolerance 

Area tolerance 

Maximum Mach no. 

Maximum &ich No. system 2 

Throat study Mach number 

Throat study locat ion 

Change i n  X I T S  

FLMAX Maximum length combustion 

TOLl In tegra t ion  tolerance 

T O E  Integrat ion tolerance 

FIANDS Mass f r ac t ion  tolerance 

FMTs Throat study Mach number 

N1 Pr in t  ind ica tor  

N2 Pr in t  ind ica tor  

N3 Pr in t  ind ica tor  
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I TABLE I 
(Cont . ) 

Number of IBM Fortran Columns 
Number Cards Fortmt Used 

10-12 

13-15 

16- 18 

19-21 

16 

17 

18 

19 

1 6El2.7 

N/6 6~12 .7  

N I3 

NCP1/ 3 6El2.7 

22-24 

25-30 

31-36 

1- I 2  

13-24 

1-l2 

i 
61-72 

293 

1-12 

25-36 

49-60 

13-24 

37-48 

61-72 

Description 

NOZLNO 

JSUPP 

KTS 

NGCA 

NPUNO 

FNPUNl 

FNm2 

AL 

BL 

Nomenclature 

Number of nozzles 

P r i n t  option 

Throat study indi-  
ca tor  

Mode of operation 
indica t o r  

Punch indicator  

Punch indicator  

Punch indicator  

Area constant 

Area constant 

W B  (I) Heat of formation 

N C P l  Indicator  

'IT (J) Temperature 

TTF (J) Specif ic  heat  
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.Number 

20 

21 

Number of 
Cards 

1 

IP 

IBM Fortran 
Format 

I12 

2E12.3 

Columns 
Used 

11,12 

1-12 

13-24 

TABLE r 
( Cont . ) 

Description 

I P  

Nomenclature 

Indicator 

Axial Distance 

Area 
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’I Sample Input - Species Wt r i ces  ~~~p~~ ,Dij 

CZ: Matrix (Products) 
‘ J  

a.: Matrix (Reactants) ‘ I  

Species (i) 
OH 5 0  M 

2 HZ 
Reaction (J) 0 H O2 5 OH H20 O H 0  

- - - - - -  - - - - - - -  
0 0 0  1 1  0 0 1 0  0 0 l o  (1) 

(2) 0 1 1  0 0 0 1 0 0  0 1 0 0  

1 0 0  1 0  0 0 1 0  0 1 0 0  (3) 

0 2 0  0 0 0 0 0 0  1 0  0 1  (4) 

0 1 0  0 1 0 0 0 0  0 0 1 1  

2 0 0  0 0 0 0 0 1  0 0 0 1  

( 5 )  

( 6 )  

p . .  W t r i x  (Atom Balance) 
‘ J  

( H I  0 2 

1 

2 
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C g l O O g 6 - l l  

'IIABLF: I11 

Sample Input - Forward Reaction Rates * 

K~ = D T ~  

React ion D E 

1 0.50300Ell 0 .50000~0 

2 0 .90600312 0. 

3 0.19280312 0. 

4 0.23555E18 -0.14998~01 

5 0.17268E17 -0. logoo 

6 o .63684~14 -0.50000E00 

3 l b s  moles, f t  , OR, sec  
* Units: 

F 

- 0.905003O4 

- O.13700E05 

- O.83400~04 

- 0.14930304 

0.537504 

0. 
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TABLE v 

Sample Input - Starting Conditions 

% = 1800 OR 

R = 1545.4 ft - l b f  
lbm OR 

J = n8-2 f t  - l b f  
Btu 

g = 9.174 lbm - f t  
l b f  - see2 

= 3 2 3 2 ~  ft - v 
sec 

T = 5383.0 OR 

P = 6912.0 lbf 
f”t2 

ASTART = .0107686 ft2 

XMIN = -04611665 ft 

Species 

0 

H 

02 

- %  
- OH 

%* 

Molecular Weights 

16.0 

1.008 

32 -0 

2 -016 

17.008 

18.016 

60 

I n i t i a l  Bss Fractions lbm 
lbm Total 

o .0032815333 

0.0043441212 

0.0043577911 

0.060719991 

o .88616989 



Sample Input - Equilibrium Constants* 
k, = D,T Ec L FdT 

DC EC React ion 

1 0.11519E-01 0.33O91~-00 

2 0.52727E 03 -0.41176E-00 

3 0.15603E 01 0.431053-01 

I ,  O.60708E-02 O.18911E-03 

5 0.22232~-0J+ 0.409713-00 

6 O.64485~-05 0.52022300 

F C  

0.14488E05 

-0.15585305 

-0.16202304 

0.92007E05 

0.10928~06 

0.10872E06 

I * 
Units:  l b s  moles, ft3, OR 
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mu3 V I  

Output Quant i t ies  

c 

- Symbol Typical Units 

f t  

Description 

Axial distance 

Velocity 

B r e s  sure  

Remarks  

In print-out  f o r  JSUPP = 0,1,2 

n I1 I1 

I1 ft n 

f t / s ec  

lb / f t2  

v 

P 

The integrat ion s t ep  
s i z e  f t  

OR 

OR/ ft 

lbs/ft2/at 

In pr int-out  f o r  JSUPP = 0,1,2 

n n n T Temperature 

Temperature slope 

Pressure slope 

n W n 

DP/DX In  pr int-out  f o r  JSUPP = 0,1,2 

MF SUM Sum of the ma88 

f r ac t ions  A n n 

n n n 

I n  print-out f o r  JSUPP = 0,1,2 

A 

M 

I 

Mach number - 

f t 2  Cross-sectional area 

n n n 

=0 Stagnation enthalpy A n n 

RHO Density In print-out f o r  JSUPP = 0,1,2 

N n It M / D X  Area slope 

GAMMA-P n n n Process Gannna = d log P 
d log /J 

Mass flow rate lbm/sec In print-out f o r  JSUPP = 0,1,2 



Symbol Description Typical Units Remarks 

In print-out f o r  JSUPP = 0,1,2 

BTLJ/lb, H 

RAD 

n W 

Radius assuming nozzle 
cross  sect ion is 
circular ft 

lb-mols/lb, 

lb -mOls/l~-f% 

I1 It 11 

SIGMA 

D/DX (SIGMA) 

LAMBDA 

Concentration In print-out f o r  

W n 

JSUPP = 0 , l  

n Concentration slope 

JSUPP-0 

11 

W 

In pr int-aut  fo r  

n I? System 2 = x + 1 

Slope of X o r  1 + 1 D/DX LAMBDA 

PD@roR 

CORRECTOR 

n n 

PII + 1 (see integrat ion)  

CXI + 1 (see in tegra t ion)  

- 
- 

In print-out  f o r  

n I1 

JSUPP = 0 

1~ 
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SUPPUMENT AND ERRATA 

*Investigation of Nonequilibrium Flow Ef fec t s  

i n  High Expansion Ratio Nozzles 

Computer Program Manual 

T. F. Zupnik, E .  N.  Nilson and V .  J. Sarli 
United Aircraf t  Corporation 
E a s t  Hartford, Connecticut 

Use of t h e  Computer Program Manual, NASA CR-54042, and experience 
acquired with t h e  computer deck described i n  t h i s  manual and ava i lab le  
as SHAm program number 3238 has uncovered e r r o r s  i n  t r ansc r ip t ion  of 
s eve ra l  numbers i n  the  sample input l i s t e d  on page 63 of the  Computer 
Program &nual, and a need f o r  c l a r i f i c a t i o n  of severa l  items i s  ind i -  
cated.  This supplement includes new sample input format sheets ,  
Figs .  1 and 2, along with a complete l i s t i n g  of t h e  sample input  data, 
Figs .  3 and 4. The corresponding output, se lec ted  t o  i l l u s t r a t e  t yp i -  
c a l  r e s u l t s  and operations performed during the  machine ca lcu la t ions  i s  
a l s o  shown i n  Figs. 5 and 6. 

A b r i e f  l i s t i n g  and description of t he  changes t o  co r rec t  and/or 
c l a r i f y  the  Computer Program Manual and f a c i l i t a t e  use of t he  computer 
deck are presented below: 

1. 

2.  

The computer deck avai lable  from SHARE LIBRARY has an 
undefined branch statement number or ig ina t ing  a t  NECM 1650 
i n  Fbrou t ine  Input.  
"10" ins tead  of "4353" i n  order t o  complete t h e  compila- 
t i o n  and assembly. 

This  statement should be numbered 

On page 16, add the  following statement t o  the  descrip- 
t i o n  of Card 8: "If it is desired t o  start  f r o m t h e  
i n i t i a l  value i n  an  a rea  t ab le  FFALSE should be set t o  
0.0 and the  t a b l e  should start a t  X = 0.0." 

EAST HARTFORD, CONNECTICUT 06108 TELEPHONE 5 2 8 4 8 1 1  AREA CODE 203 



NASA CR-54042 
UACRL ~910096-11 

3 .  

4. 

5 .  

6. 

On page 18 of the  Computer Program Manual, delete  the folluw- 
ing statement from the  description of Card 15: 
the number of nozzles t o  be calculated from a s e t  of input." 

"NMLNO is  

On page 19, add the  following statement t o  the description 
of Card 18: "Each specif ic  heat t ab le  must be preceded by 
the  indicator  NCPI  ." 
"he I B M  Fortran Format for  Card number 15 of Table I, page 
54, should read 313, 3X, 413, 2E6.0. 

On page 55, delete  from Card number 15 under Columns Used, 
10-12; under Description, NOZLNO; under Nomenclature , 
number of nozzles. 



8 

c910096-11 . FIG. I 

0 

t 
0 c 
c I- 

t 

n I- 
N 

c 
0 c 

D 
0 
0 0 

- 

5 

3 
0 

* 
n 

I - 
W 

0 m 

t 
B 

x 
c 

: 
n " 
x 
x 
+c 
3 
s 
t 
e 

- 
m 

t 

n 
N 
t 

t 
- 
s 
x 
0 

I- n 
0 

n 

% 
n n 
N n 

n - 

0 N 

c N 

W 

n 
t 

:: 
N N 

N 
0 N 

- 

z 

c 
'D 
m 

f 
E 
N 

0 
m 

D 

- 

- 

0 

c 

m 

n 
t 
n 
N 

- 



C910096 - I I FIG. 2 

I- z 
0 
0 

W 



. 
C 9 1 0 0 9 6 -  I I FIG. 3 

N N N N N N N N N N  

n o n n n n n o n n n n n  
v v u u v u v u v v v u v  m u  

r F: 

0 0  
+ W  

m a  

n n n  
v u u  m n a  
0 0 0  + + +  m r n ~  m o r  
m o m  
L n N O  

n n o n n n n n n n n  
u u v v v v v u v v v  

0 0  0 0 0  a 
0 0  0 0 0  0 + +  + + +  + 
o a  m r o o  m 
0 0  m . - =  a 
- 0  o o r r l m  o - u  .- I *  a -  - .......... 

n m u u a u u a u ~  
d 

I 

m 
0 + a 
m 
10 - 
0 
0 + 
0 

0 

0 
0 + 
0 

0 

m 
0 + 
a 
m 
'". 

a 
0 + 
0 
m 

I .  - 6 -  . . . .  
I 

m - 
- 0  
0 0  
I +  

0 0  a 0  

a -  
0 

m m  

- r  
d .  

a 
m m 

o a  o m 0  
o a  o o o  
+ a  + I +  

I I - m ~  
u - m  

O U K l \ D - N  ...... 
0 - 0 - m o  ... 

0 0 0 0 0 0 0 0 0 0  
0 0 0 0 0 0 0 0 0 0  + + + + + + + + + +  
0 0 0 0 0 0 0 0 0 0  

0 0 0 0 0 0 0 0 0 0  
.......... 

o u m ~ a o a m ~ a  
m u m m o a - a ~ r  - - ~ m m u u m m  

0 0 0 0 0 0 0 0 0 0  
0 0 0 0 0 0 0 0 0 0  + + + + + + + + + +  
0 0 0 0 0 0 0 0 0 0  

0 0 0 0 0 0 0 0 0 0  
.......... 
o u m ~ a o e m ~ a  
~ u m n o a - a ~ r  

- - w ~ ? m a ~ m m  

0 0 0 0 0 0 0 0 0 0  
0 0 0 0 0 0 0 0 0 0  + + + + + + + + + +  
0 0 0 0 0 0 0 0 0 0  

0 0 0 0 0 0 0 0 0 0  
O Q f f l N \ D O i t f f l N O  

.......... 
m ~ m n o a - a ~ r  

- - ~ m m u u m m  

a 
a 
a z 
W a 
V 

c 
IJ? 
w 
I- 

a 

4 

Ill 

0 a 
W 

3 In a w 
IY 

- 
n 

n 
a 
m 
W 

a 
I 
U 

0 

m 0 0  
-0 c 0 -  

0 0 0  
0 0  

N O - 0  
0 0- 

0 0  
N U - 0  
I -0 

0- 
N O -  
0 0  

I 

-0010 
o o c o  
I + +  I - - - m  
0 .N 
0, - -  
E *  
r 
0 a 

0 0 0 0 0 0 0 0 0 0  
0 0 0 0 0 0 0 0 0 0  + + + + + + + + + +  n ~ u c ~ m m r r m m  m m ~ r - m m u u _ o  

n t s u a u u u u u n  
- 0 m m D ~ ~ m m ~  ..... .. 

0 0 0 0 0 0 0 0 0 0  
0 0 0 0 0 0 0 0 0 0  
+ + + + * A + + + +  

o o o o o o o o c o  
0 0 0 0 0 0 0 0 0 0  + + + + + + + + + +  a m a u o m m - m a  
m m m o o r n o m m  
- m m a m m - - m o ~  
r r m m m m c n m o o  
......... 

- - - 0 0 0 0 0 0  
+ + + + I  l + l +  
a ) r u r m n u a a  
o m m ~ o m r m -  
~ L I D ~ ~ U - ~ D O  
. m m ~ o a  e r .  

N B K l a a N O N  u u u u u u u a o u  .. . *  . m s  . 

u o u m a u ~ o u o  
o o + o o o o o o  
+ + m + + + + + +  m u r f f i ~ m ~ ~ o  
O D ~ ~ O N  .-. 
u 5 0  a(u o - m m ~  . .*a,.- 
i t  - - - r ? m  ... 

I 

0 - 0 - o o u o  
0 W + 0 0 0 0 0  + 0 - 1 + + + +  
LC ~ c r m - m m m  o o o r a m o  
0 - m - m . m o  

- m O O m m .  
I .sua e -  - .Ln 

5 e z 
N O O O O  
O O C O N  
I + +  I - 0 c -  
0 0 0  

UI U 
I? 
O 

.... 
r r u o  r 0 

0 0 0 0 0 0 0 0 0 0  
0 0 0 0 0 0 0 0 0 0  + + + + + + + + + +  
0 0 0 0 0 0 0 0 0 0  

0 0 0 0 0 0 0 0 0 0  
.......... 

~ a o u m ~ ~ o u f f i  
r ~ m m m u c r m o m  

- - ~ ~ m m a m m  

o o o o o o o o o o  
0 0 0 0 0 0 0 0 0 0  + + + + + + + + + +  
0 0 0 0 0 0 0 0 0 0  

o o o o o o o c o c  
0 0 0 0 0 0 0 0 0 0  + + + + + + + + + +  
C O O O O O O G C O  .......... ~~ .......... 

0 0 0 0 0 0 0 0 0 0  

- - N N m m 0 m n 
~ a c ~ m ~ ~ o u m  
r t u m m c o u o L m o m  

o o o o o o o c o o  

- - Rl n; 0 (7 d & uz 
N a o a I .. a c u m 
c - ~ m o m u m m o m  

N ~ G O -  
O O G O  

0 0 0 0 0 0 0 0 0 0  
0 0 0 0 0 0 0 0 0 0  + + + + + + + + + +  m m a o ~ m m - o u  
m a o m m r r m ( ~ o  
N O  0 0 0 0 . 0 ' a . o . o  
m m n i t * ~ a a u ~ ~ :  
.......... 

o o o c o o o o c o  
0 0 0 0 0 0 0 0 0 0  + + + + + + + + + +  
m m m m m m m m m m  
g:g:ggg::: 

o o o o o o o o o o  
0 0 0 0 0 0 0 0 0 0  + + + + + + + + + +  
~ o n ~ r a i s u m m -  ~ r - ~ m - m u o m  
O G N ~ ~ O I O N I L ~  

I I + +  
N C - O N  .... 
N -  0 - N 
0 I 
u m - 
d 

. .  .......... 
u ~ ~ o u u u u u a  

-~ .......... 
r r m m m m m c r o ( r  

0 - I -  
0 0 - 0  

0 - 0 0  - - - 0 0 0 0 0 0  
0 0 0 -  + + + 1 + 1 + + +  

0 0 0 0  O N a - O O  * N  
0 0 0 0  U I O . N I I I a N O f ? r D  

- 0 0 0 - N  . - - - - w m m  
0 0 0 0 - -  ...... 
O N - O O N  
- 0 O N N O  

- 0 0 0  - N P - - - U O U O  

-000 m c m m m ~ o - o  

0 0 - 0  - - ~ - L ~ N O ~ J -  

n J 0 0 0 -  
o o c o  
I + + +  

r n a - m c  
m . . .  
m m  
m m 

o o o o o o o c o o  
0 0 0 0 0 0 0 0 0 0  + + + + + + + + + +  
0 0 0 0 0 0 0 0 0 0  

0 0 0 0 0 0 0 0 0 0  
.......... 
~ m ~ a o u m ~ a o  
m o a - r ~ r m m u  
- - ~ ~ m m u u m  

0 0 
0 17 

0 0 0 0 0 0 0 0 0 0  
o o o o o o c o o o  

o o o o o o c o o 0  
o o o o o o o c c o  + + + + + + + + + +  
0 0 0 0 0 0 0 0 0 0  
U f f l N \ D O U f f l N C J O  

0 0 0 0 0 ~ 0 0 0 0  . . . . . . . . .  



C 9 1 0 0 9 6 -  I I FIG. 4 

m m m b m m  m m m m o m o o m o o o o m  

n c 
0 
0 

OZ 

Y 

(3 

c z 

0 
17 

0 0 0 0 0 0 0 0 0 0  
0 0 0 0 0 0 0 0 0 0  + + + + + + + + + +  
0 0 0 0 0 0 0 0 0 0  

000 0 0 0  0 0  0 0  

- -  N m  I? e 0 UI K' 

.......... 
o e m w a o e m ~ a  m u m  m o  a - a  N r 

o c o o o o o o o o  
0 0 0  0 0 0  0 0  0 0  + + + + + + + + + +  
0 0 0 0 0 0 0 0 0 0  .......... 

0 0 0 0 0 0 0 0 0 0  
0 0 0 0 0 0 0 0 0 0  + + + + + + + + + +  
0 0 0 0 0 0 0 0 0 0  

0 0 0 0 0 0 0 0 0 0  
o u m ~ l ~ o a r n ~ a  
o u o m o a - a ~ r  

- - ~ m m a a m ~ n  

.......... 

0 0 0 0 0 0 0 0 0 0  
0 0 0 0 0 0 0 0 0 0  + + + + + + + + + +  
r r o r m m e m u -  
r m r u n a - - r o -  
o o m a o ~ u m r m  
r r r r r m m m m m  
.......... 
0 0 0 0 0 0 0 0 0 0  
0 0 0 0 0 0 0 0 0 0  + + + + + + + + + +  
0 0 0 0 0 0 0 0 0 0  .......... 

0 0 0 0 0 0 0 0 0 0  
0 0 0 0 0 0 0 0 0 0  + + + + + + + + + +  
0 0 0 0 0 0 0 0 0 0  

0 0 0 0 0 0 0 0 0 0  

- - r u m m e u L n m  

.......... 
o u m ~ a o u m r u a  
m u o m o a - a ~ r  

0 0 0  0 0  0 0 0  c 0 
0 0 0 0 0 0 0 0 0 0  + + + + + + + + + +  
u o m o o a o a c u  o o u o N - r o o uI 
m o - o r o N UI r m 
a r r r r m m m m m  
.......... 

0 0 0 0 0 0 0 0 0 0  
0 0 0 0 0 0 0 0 0 0  + + ' +  + +  + + + +  + 
uri  n ~ m  a a ~ o e  m 
o m m o a o m r v a r  
- o ~ m a - o n a r  .......... 
r r r r r m m m m m  

0 
0 

o o o o o o o o c o  0 0 0 0 0 0 0 0 0 0  
0 0 0 0 0 0 0 0 0 0  o c o o o o o c o o  + + + + + + + + + +  + + + + + + + + + +  
o o o o o o o o c o  0 0 0 0 0 0 0 0 0 0  0 0 0 0 0 0 0  ........................... 
0 0 0 0 0 0 0 0 0 0  0 0 0 0 0 0 0 0 0 0  0 0 0 0 0 0 0  
u m ~ a o e m ~ a o  u m ~ a o e m ~ a o  u m ~ a o u m  
u ~ o a - r ~ r n m u  m o a - r ~ r n m u  m o a - r ~ r  

- - ~ ~ n o u u m  - - ~ ~ o m v u m  - - r u ~ m m  
0 
I7 

o o o o o o o o c o  
0 0 0 0 0 0 0 0 0 0  o o  + + + + + + + + + +  o o r  
r a r u o o a o o u  N C P  0.0 ~ r u u o a a m m o  - m a  ~ o ~ m r @ ~ m a e m m o -  
o a m e r u m m r o m  t n o r o w - ~ r u o r - ~ m - n m a  .......... - m a , o r u - - m a - m ~ - u - o o  
Q ~ D O - - N N P ~ ~  a m ~ ? - ~ - ~ n m m f i ~ r c ~ - o r  - - - - - - -  ~ - u ~ m - ~ m ~ n r m a ~ n a - - m  

- - c o o - - - - - - r u o u r o m  

a 

o O C O O O O O O G O O O O O - -  ................. 
o c o o o o o o o o N  
O O O O O O O O O O N ~ ~ ~ ~ o  + + + + + +  + + + *  

0 0 0  ... 
0 3 0  
N a O  
m m u  
u u m  ................. 

OCJ m o  n m  
m l l l  a -  

.-In 

m r  

'".: 

m m  
r r  
r r  
r r  
w m  

o m  

o m  
N o  
.. 



C910096-I I FIG. 5 

d * d  
0 0 0  

w w w  
* N C  
c m l n  
N m *  
ccln 
- r m -  
N m *  
- d m  
0 0 0  

I N  

... 

r u c l  
0 0 0  

I 
w w w  
e m 9  
Nb(D 

d m d  
N(DU 
--In 

000 

s m c  

e m u  

... 
I 

n n  
VI 

x -  
L O  
a 3  

u a  
o x a  

0 0 0  N - 4 0  
000 0000  

w w w  W W U I W  

O N I n  h N 9 d  

I I  I 

m u 0  e m m r -  
e m 0 1  9-(ON 

- 0 9  0 e - m  
m r - m  m ~ m u  
s m o  m e d m  
c o m  c ~ d m  
I n a m + .  ... . .  ..0000 
000. I 

H I1 I1 II 

I -  
* a  

NdNN-44 
0 0 0 0 0 0  
I I I I I I  

L Y W W W W W  
e*--490 
c c 9 m o m m  
o m m o s s  
~ m + m @ b  

-r t - iNO*c 
u s m m m - 9  
z ~ r - + u m m  
O N 4 d I n - N  
I...... 

V I 0 0 0 0 0 0  
- - I I I I I  
X 
0 
\ 
0 

O + H N N N  
0 0 0 0 0 0  

* N m N . S  
0 0 0 0 0  

I I I I  
U I W W W W  
m r - c o r n  
o m o l n u  
VI99Nb 
m b N m *  

e m O m N m  
o m m m - m  
I - - m m m s  
u m c d * l -  
W . . . . .  
LLooooo 
re 
0 
V 

d N O O O N  ' p p o o o y  N 
0 
I 

W 
0 
In m 

4NNd-4 
00000  

I I I I I  
W W U I W W  

d.4 
0 0  

W W  
o m  

-*o 
U . i +  
0 - 0  
E C 9  
TV\N 
a b "  
d.. 
- 0 0  
X I  
0 
\ 
0 

urn 

- N N N  y o 0 0  J N  
0 0  

I I  
U I W W U J L U L Y  
m m m ~ m m  
c * b m O . n  

- 0 u N O W O  
a c 6 - m ~ -  
O S N m m O m  
m u m m m o ~  
Z r a m c - * o  
~ - N * N N N  

~ W I i u J W U I ~  m m s m m +  
m s * * - r -  
* O N I n N d  
0 9 N m U N  
a d m a ~ u  
C(DNNU(D 
m + + - m c  
- - I n a m .  . . . . .  0 
00000 I1 

*-em,- 
00999 
N ~ c - * . I  
* 0 c ( * m  
C P o 1 m Q  
s m m u s  
e - f - m ~  
+ - U d N  

O O O O O  
. . . . .  
I I I I  

0 

a m  
-_  
Z N  
O N  

V I 0  
- .  

i i n i i  - I  
a x  
1 -  4 

\ 
0 

- I . . . . . .  
-000000 
X I  
0 
\ 
4 

0 0 0 0  - x a c  
0 o x o  
I O\IO 
u x a a -  

x a c  

u a -  
o r 0  \ r 0  
O O Z  

0 
X 
e 

w  me^+ . . . .  
ooo:, J e 

=E 
d 

II II n i 

.Ylu 
0 0  

I 
w w  
+ e  
In9 m e  

I n 0  

VVIr- 
0.. 

o m  

o m m  
c d m  

n o 0  

O C G  C c o o x < - r  ( r N m d N d  
c o c o o c l  
I I I I I I  

.tN 
O C  

O O O N  0 
o o c -  z a - I  1 7 N r n - N -  

o o o c c c  
I I I I I I  

O L U W U W W  
r - o u c m c  
O V I C I T r N d  
Q N d + m U !  
NP190QN 
P N d C N O  
r n - ~ c ~ e  

r f - N O C O  
c c c o o o  

I 
U I W  

a!+ 
9- 
+ d  

U N N  

m -  

a m *  
c -m 

a 0 0  
v - +  
0 . .  

v, 
a 
I 
'3 . . . . . .  
000003 

I . . . . . .  

v r o o o o o o  
*- . I . .  

a 0 0  
I 1  

II n II H 

- m e *  
o o m o  

I u o  I 
Y d S W  
9coc.o + .  .O 
r - m m m  
~ N N N  
*.I)*- . e m .  
0 0  

tl I1 II I1 

X 

c 
-I 
W 

a 

x > a n  

- * m u  
0 - N O  
19-  I 
w r - m w  
m m ~ o  
V I .  .O 
m u m m  
m m d N  
*a*+ . e m .  
0 0  

~ n n n  

a 
X 

c 

VI 
> 
VI 

-I 
UI 

x - r n o  



u 

C910096-1 I FIG. 6 

-I+- 
O O ?  - 4 -  

0 0 0  

W W W  

O N U  

W I N  
A I 0  
Nb-Y 
4 - m  . . .  
c o c  

I 
n II 

I 

m m -  
N ~ O  

. . . 
000 

n u  

N - N N  
0 0 0 0  

I 

*NCI 
0 0 0  

I I  
U L Y W  
I W r -  
N N I  
m Q Q  

L L d r - 4  
O N Q m  
c-or -  
U m C -  
u . . .  
a 0 0 0  

0 
U 

m r . 4  

a 

"-40 
0000 
I 1  I 

W W W W  
NIPI -W 
L n Q m r r  
m d m 4  
- m o w  
9 m m *  
o I - 4 m  
* * - m  
0000 
.... 

N d m N d d  
0 0 0 0 0 0  
I I I I I I  
U I w w W w w  
o m m * m m  
- m r - m . r r -  
e o - Y m m m  
O N O I ~ N  

" O C O N O O  
C I O N Q m d  
I U m c U Q - v \  
ad-@N- -  
m o o o o o o  
- I I l I I  
X 

\ 
0 

I . . . . . .  

n 

~ N J I N O O O  
' 0 0 0 0 0 0 0  

~ W L y W w w w w  
I O I  

m m r - ~ m - o  
w u r u w  
N N Q t C  
m 0 - N  
d O N O  
O N m O  
m a a m  
b N Q m  
m - 0 0  
N m - d  . . . .  
0000 

I i J w w w w w  

-ONNIO~ 
a m ~ ~ r - r r -  
m m ~ u m m e  
x m c m - o o  

9 m m - w O I  
O - Q d m N  

O Q W Q W O N  

Q N Q Q b d d  
- I . . . . . .  
- 0 0 0 0 0 0  
X I  
0 
\ 
0 

II II R n 
a 

I -  

N C O O  
O C C O  
I 

W r L  
Lpw 
NN 
'DQ m r  

a d -  
O N Q  
I - - 0  
U O r -  
0 . .  
a o o  - I . . . . . .  

000000 

- 8 . .  

O O C  
I I  

I1 I1 H I1 
I 1  

I1 11 11 I1 

I 
x x 3  
\ \  
o n -  
c n u  

+ n o r  

- ( D C *  
O C C O  
I u o  I 
w * m d J  
C N N O  
m - a m  
r - m m u  
J I C O O  
m - m ~  
. m e .  
0 0  

I1 I1 n I1 

X 

c 
2 
Ly 

x r o o  

a 

m r c o o  
Y I d W N  
. m u .  

0 0  

u n n ~  
X 
4 
c 
-I 
W 

x w a o  


